Antimicrobial peptides (AMPs) act as host defenses against microbial pathogens. Here we investigate the interactions of SVS-1 (KVKVKVKV D P L PTKVKVKVK), an engineered AMP and anti-cancer β-hairpin peptide, with lipid bilayers using spectroscopic studies and atomistic molecular dynamics simulations. In agreement with literature reports, simulation and experiment show preferential binding of SVS-1 peptides to anionic over neutral bilayers. Fluorescence and circular dichroism studies of a Trp-substituted SVS-1 analog indicate, however, that it will bind to a zwitterionic DPPC bilayer under high-curvature conditions and folds into a hairpin. In bilayers formed from a 1:1 mixture of DPPC and anionic DPPG lipids, curvature and lipid fluidity are also observed to promote deeper insertion of the fluorescent peptide. Simulations using the CHARMM C36m force field offer complementary insight into timescales and mechanisms of folding and insertion. SVS-1 simulated at an anionic mixed POPC/POPG bilayer folded into a hairpin over a microsecond, the final stage in folding coinciding with the establishment of contact between the peptide's valine sidechains and the lipid tails through a "flip and dip" mechanism. Partial, transient folding and superficial bilayer contact are seen in simulation of the peptide at a zwitterionic POPC bilayer. Only when external surface tension is applied does the peptide establish lasting contact with the POPC bilayer. Our findings reveal the influence of disruption to lipid headgroup packing (via curvature or surface tension) on the pathway of binding and insertion, highlighting the collaborative effort of electrostatic and hydrophobic interactions on interaction of SVS-1 with lipid bilayers.
Introduction
Antimicrobial peptides (AMP's) are short, charged membrane proteins that are ubiquitous in the tissues of plants, animals, and invertebrates and are typically comprised of 50 or fewer amino acids. They are amphiphiles composed of hydrophilic and hydrophobic amino acid residues adopting different structures (α-helical, β-stranded, β-hairpin, extended) [1, 2] . In addition, they act as a host defense against microbial pathogens. AMPs display cytotoxic activity towards gram-positive and gram-negative bacteria, fungi and cancerous cells [3] [4] [5] [6] [7] [8] [9] [10] and are selective towards negatively charged membranes, which allows AMPs to kill microorganisms without harming normal mammalian cells [5] . Cancer cells, in common with some bacteria, display a net negative charge on their surface [9] . Selectivity for disrupting anionic membranes therefore gives AMPs anticancer activity in addition to antimicrobial activity. However, the exact mechanisms by which AMPs disrupt these cells are still elusive.
Naturally occurring AMPs display a wide variety of sequences and structures. AMPs are generally disordered in solution, but fold into an ordered secondary structure when associated with lipid bilayers [11] . Several membrane disruption mechanisms have been proposed but none of them is applicable to all classes of AMPs [2, 11, 12] . The most prominent peptide-mediated membrane pore formation mechanisms are: the barrel stave pore, the carpet mechanism, the toroidal pore, the disordered toroidal pore, and electrostatic effects [1, 2, 11, 13] . Factors such as peptide composition, secondary structure, peptide crowding and membrane composition all contribute to the overall function of AMPs in the presence of different biological membranes. High-resolution experimental techniques (such as NMR and X-ray crystallography) are unable to fully resolve AMP/lipid interactions and lytic mechanisms, thus computational techniques are needed to further molecular insight [2, [14] [15] [16] . MD studies have been applied in this field to optimize the conformation of AMPs in the presence of membrane-mimicking solvent mixtures [1] , to observe the adsorption process of the peptide into membrane mimics [10, 14] , and to study the spontaneous nature of peptide assembly that leads to membrane disruption [17] [18] [19] [20] [21] [22] (For a thorough review of AMPs, please see references 6, [23] [24] [25] [26] .
Here we have investigated the bilayer interactions of SVS-1, a cationic AMP engineered to disrupt cancer cell membranes with low cytotoxicity towards noncancerous cells [5, 25] . Specifically, spectroscopy studies and computer simulations examined the binding, folding and insertion of SVS-1 in the presence of zwitterionic or negatively charged lipid bilayers. According to Sinthuvanich et al. [5] , SVS-1 is the first example of an anticancer β-hairpin whose action is dependent on membrane-induced folding. Lu et. al. also showed preferential folding of a hairpin in the presence of an anionic bilayer using NMR relaxation studies [27] . In the design of SVS-1, the unnatural D-enantiomer of proline (Pro) was used to create the β-turn in the secondary structure of the peptide sequence. The SVS-1 peptide (sequence KVKVKVKV D P L PTKVKVKVK) contains a D-Pro/L-Pro motif that folds into a structured Type II' β-turn [28] as shown in Figure 1 [5] . The alternating valine and lysine residues allow SVS-1 to adopt an amphiphilic structure, which is a common feature of AMPs and aids in aggregation and electrostatic interactions on the surface of anionic membranes. Though the peptide remains unfolded in solution or in the presence of zwitterionic membranes due to the positively charge lysine repulsions, the turn is structured because of the D-Pro and L-Pro isomers. SVS-1 is hypothesized to fold once it binds to a charged membrane due to complementary electrostatic interactions.
Consistent with past experiments, we found that SVS-1 does not bind to zwitterionic LUV in experiment or to stress-free zwitterionic bilayers in computer simulation. Interestingly, when curvature was introduced to the bilayer in experiments using zwitterionic small unilamellar vesicles (SUV), SVS-1 will bind to and fold at the surface of the membrane, based on CD and fluorescence experiments of a SVS-1 tryptophan analog. Similarly, in simulations SVS-1 was observed to fold and insert its valine sidechains into contact with the lipid tails of an anionic bilayer but to form few and transient contacts with an all-zwitterionic lipid bilayer. Only when the zwitterionic bilayer was placed under surface tension, increasing its area per lipid, did the peptide establish and maintain close contact with the bilayer. Together the results indicate that the fate of the peptide encountering the surface and inserting will depend on a combination of surface charge and solvent exposure of the hydrophobic tails.
Liposome
Preparation-Lipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DPPG) and extrusion kit were purchased from Avanti Polar Lipids, Inc (Alabaster, Alabama). Large unilamellar vesicles (LUV) of 120-140 nm or small unilamellar vesicles (SUV) of 15-50 nm were used as a model system for fluorescence studies. Liposomes dissolved in chloroform were mixed at the desired molar ratio (1:1 PC/PG or pure PC) and dried by N 2 gas. Solvent removal was completed in a vacuum overnight. The lipid film was reconstituted in 20 mM sodium phosphate buffer and 300 mM NaCl pH 7.4. SUV were prepared by sonication above the transition temperature 41 °C. The suspension was sonicated until it changed from milky to clear in appearance. LUV were prepared by extrusion techniques. The lipid suspension was subjected to six freeze-thaw cycles and extruded using 100-nm pore size filters. Peptide and lipid were diluted to the desired molar ratio with a final buffer concentration of 10 mM sodium phosphate and 150 mM NaCl pH 7.4. The effective diameter of the vesicles was determined using dynamic light scattering (See Figure S1 , Supporting Information).
CD Spectroscopy-CD
wavelength scans were recorded on a Jasco J-810 spectropolarimeter equipped with a PFD-425S Jasco temperature controller module (Jasco, Inc., Easton, MD). All measurements were obtained using a 1-mm pathlength cell. Wavelength scans were recorded over the range of 260 to 200 nm with an average of 3 repeats. During spectral acquisition, a bandwidth of 2 nm and scan rate of 50 nm/min was used.
Fluorescence
Spectroscopy-Fluorescence spectra were recorded on a HORIBA Dual-Fl Spectrofluorometer (HORIBA Scientific, Edison, NJ). All measurements were obtained using a 1.0 cm pathlength cuvette. The peptide was excited at 280 nm and monitored from 300 nm to 450 nm. Thermal experiments were monitored every 5 °C from 5 to 90 °C.
Simulation Methods

SVS-1
Structure-The SVS-1 hairpin structure was generated using the Molefacture Protein Builder tool of VMD (version 1.9) [29] and subject to energy minimization with constraints placed on the native hydrogen bonds. The peptide sequence was added into the Protein Builder to generate an unfolded SVS-1 structure, with an amidated -NH 2 C-terminus end used in experiment producing a +9 overall charge on the peptide. The phi/psi angles were selected to generate a Turn conformation for the folded peptide.
Bilayer Creation-
The CHARMM-GUI membrane builder online software was used to generate a negatively charged POPC/POPG bilayer structure and a pure POPC bilayer [31] [32] [33] . The charged bilayer consists of 70 zwitterionic POPC (1-palmitoyl-2oleoyl-sn-glycero-3-phosphocholine) lipids and 70 negatively charged POPG (1palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol). The pure POPC bilayer was composed of 140 lipids.
Molecular Dynamics
Simulations-All simulations were performed using CHARMM 36m (C36m) [34] all-atom force field with the MD package Gromacs [35, 36] . The simulation box size was subject to constant particle number, pressure, temperature (NPT) dynamics. Periodic boundary conditions were applied in the X and Y dimensions with semi-isotropic coupling using the Berendsen barostat [37] at 1 bar and a coupling constant of 1.0 ps. The compressibility factor used in both directions was 4.5 × 10 −5 bar −1 . Simulations were conducted at 323 Kelvin (50 °C) using Velocity Rescaling [38] . TIPS3P waters [35] , K + and Cl − ions were added to neutralize the charge across the simulation box. Minimization to relax the structure of the system was conducted using the steepest descent method prior to conducting MD simulations. A MD integration timestep of 2 fs was used. VMD [29] was used to visualize trajectories and Gromacs analysis tools were utilized for reporting data. Simulations were carried out locally and via a XSEDE allocation [39] .
We conducted 0.5-1.5 microsecond simulations with a single unfolded SVS-1 molecule in pure solution and in the presence of zwitterionic and charged bilayers (See Table 1 ). The peptide was initiated in solution approximately 2 nm from the surface of the zwitterionic or anionic lipid bilayer, starting with different peptide orientations. We probed the effects of stress by applying a surface tension to the bilayer in the X and Y dimensions. A series of simulations were conducted at 323 K and at applied surface tensions factors of 10 or 30 mN/m for 250 ns. Two types of trials were conducted for the negatively charged POPC/ POPG bilayer where a pre-folded or unfolded SVS-1 peptide was placed in a random orientation approximately 1 nm above the membrane. Only pre-folded peptides were used for the POPC bilayer.
Data
Analysis-Distance fluctuations were tracked between portions of the peptide and hydrophobic tails at long timescales. The terminal amine nitrogen (residue 1-LYS) and terminal carbonyl carbon (residue 18-LYS), along with the alpha carbon atom (residue 9-PRO) were selected to track the distance fluctuations to the nearest acyl tail carbon atom. Hydrogen bond formations were calculated for the eight correct backbone nitrogen donor and oxygen acceptor pairs of the peptide using Gromacs analysis tools. Cutoffs for hydrogen bond criterion are 3 Å and 20°. The valine contacts were tracked by counting the number of beta carbon valine CH side chain sites within 0.5 nm of any lipid acyl CH 2 or CH 3 tail site. Plots of H-bond and valine contacts are smoothed, showing averages over 1 ns. Area per lipid (APL) changes in bilayer was calculated by multiplying the X and Y box dimensions and dividing by 70, the number of lipids in a monolayer.
Results
Experimental Results
Concentration Dependence of Folding at
Charged Surface-Folding of the SVS-1 peptide in 1:1 DPPC/DPPG LUV is highly dependent on the peptide:lipid ratio ( Figure 2 ). Similar studies in DPPC LUV showed no significant changes in CD spectra under the same conditions, demonstrating the importance of electrostatics in SVS-1 binding and folding. Typically, β-sheet peptides have a CD spectrum with a negative peak at ~218 nm and a positive peak at ~195 nm [40] . Disordered peptides have low ellipticity above 210 nm and a negative band near 195 nm [41] . Above a peptide:lipid ratio of 1:12 the CD spectra is dominated by a negative peak at 198 nm, consistent with disordered structure. As the peptide:lipid ratio is decreased below 1:12 a negative peak at 218 nm and a positive peak at 200 nm appears, consistent with β-hairpin formation.
All experiments were carried out at a peptide:lipid ratio of 1:42, a ratio where SVS is folded in the presence of charged LUV and SUV (See Figure S2 , Supporting Information). This ratio and the high melting DPPC:DPPG lipids were selected to minimize oligomerization. The first minimizes aggregation, which should be most prevalent at high peptide:lipid ratios where we observe the peptide to be disordered. The second minimizes insertion and membrane disruption at lower peptide:lipid ratios where the peptide folds at the charged membrane surface.
Curvature Induced Folding at Zwitterionic Membrane Surface-A
tryptophan mutation was incorporated into SVS-1 as a fluorescent probe of the peptide insertion into the membrane. Valine 8 in the turn was selected as the mutation site for tryptophan, because both residues are hydrophobic and mutation of a residue in the sheet may disrupt the amphiphilic structure. We confirmed that the SVS-V8W mutant maintains selectivity for charged LUV by circular dichroism (See Figure S3 , Supporting Information).
SVS-V8W and DPPC vesicles were used to test the role of curvature on β-hairpin folding at membrane surfaces. Far UV-CD was used to investigate the secondary structure of SVS-V8W in the presence and absence of model membranes, Figure 3 . The CD spectra of SVS-V8W in buffer and in the presence of zwitterionic DPPC LUV exhibit a negative peak at ~198 nm and a positive peak at 223 nm. The negative peak at ~198 nm is consistent with the expected disordered structure. A positive peak at 220-230 nm arises from the presence of ordered aromatic side chains [40, 42] . A band at ~230 nm could also arise from exciton coupling between two tryptophans within 10 Å, for example if the peptide aggregated [43] . Such a scenario is unlikely, because the charged repulsion that restricts folding of the βsheets would also deter aggregation. The SVS-1 peptide was designed with a type II' β-turn, V D P L PT, which is structured even in the absence of the β-sheets [5] . The small positive peak at 223 nm that lies on top of the large negative peak at ~198 nm (See Figure S4 , Supporting Information) indicates that the tryptophan is in an ordered environment, likely packed within the structured turn. The β-sheets of the peptide are disordered leading to the random coil peak at ~198 nm. These experiments demonstrate that SVS-V8W is unfolded in solution and in the presence of zwitterionic LUV. However, the CD spectrum of SVS-V8W in the presence of zwitterionic DPPC SUV, which have a higher curvature, has a minimum at 218 nm and a maximum ~200 nm, consistent with β-sheet structure. This demonstrates that the peptide folds into a β-hairpin in the presence of lipids with high curvature. The absence of the 223 nm peak indicates that the tryptophan is no longer packed in the turn of the hairpin.
Fluorescence was used to investigate the environment of the tryptophan in the turn of SVS-V8W in the presence and absence of model membranes, Figure 4 . Lipid-peptide interactions can be monitored through changes in the tryptophan fluorescence emission properties of the peptide upon interaction with the model membranes [44] . The fluorescence intensity and wavelength maximum of tryptophan are sensitive to its local environment and have been correlated with the degree of solvent exposure of the chromophore [45] [46] [47] . A decrease in intensity and red shift of the maximum wavelength has been reported upon solvent exposure. The fluorescence spectra of SVS-V8W in buffer or DPPC LUV have similar overall intensity and maxima at ~347 nm ( Figure 4 ). This supports the observation from the circular dichroism experiment that the structure of SVS-V8W is the same in buffer and in DPPC LUV. The slight difference in the DPPC LUV spectrum is due to light scattering of the excitation band in LUVs, which directly contributes to the observed emission signal at low wavelengths, decreases the overall observed intensity as less light reaches the tryptophans, and asymmetrically affects the tryptophan's excitation band resulting in a slight shift in maximum wavelength [48, 49] . In the presence of DPPC SUV the SVS-V8W fluorescence is slightly blue shifted to 342 nm, and has an overall increase in intensity. The tryptophan in SVS-V8W is less solvent exposed in the presence of DPPC SUV than in buffer or DPPC LUV. CD measurements showed that SVS-V8W is folded in DPPC SUV and that the tryptophan was not in a rigid environment, therefore solvent protection does not arise from the tryptophan packing into the β-hairpin. Instead, the increase in solvent protection suggests that SVS-V8W is folded at the surface of membranes with high curvature and that solvent protection of tryptophan arises from the tryptophan burying in the membrane. The tryptophan buried into the membrane surface is able to freely rotate, leading to the absence of the circular dichroism peak at ~230 nm ( Figure 3 ). Interestingly, this implies that the SVS-V8W peptide does not associate with the LUV. If the peptide were at the surface of the LUV, the hydrophobic tryptophan would bury into the surface of the membrane, which provides greater solvent protection, and the CD peak at ~230 nm would disappear. This demonstrates the affinity of SVS-V8W for highly curved lipid surfaces.
Curvature Induced Insertion at
Charged Surface-SVS-V8W and 1:1 DPPC/ DPPG vesicles were used to test the role of curvature on β-hairpin folding and insertion at charged membrane surfaces. Far UV-CD confirmed that SVS-V8W is folded at the surface of both 1:1 DPPC/DPPG LUV and SUV (See Figure S5 , Supporting Information). Fluorescence was used to investigate the environment of the tryptophan in the turn of SVS-V8W in the presence and absence of model membranes, Figure 5 . The fluorescence spectra of SVS-V8W in 1:1 DPPC/DPPG LUV has a similar overall intensity and maxima at ~338 nm to SVS-V8W in DPPC SUV (Figure 4 , Figure 5 ). Together with the absence of the ~230 nm peak in the CD spectra ( Figure 2 ), this suggests that the tryptophan in 1:1 DPPC/DPPG LUV is buried in the vesicle similar to that in DPPC SUV. As expected from concentration dependent studies, the electrostatic interaction of SVS-V8W with 1:1 DPPC/DPPG LUV induces binding and folding of the β-hairpin. The fluorescence spectra of SVS-V8W in 1:1 DPPC/DPPG SUV is blue shifted from the 1:1 DPPC/DPPG LUV, 333 nm, and has an increase in intensity. The tryptophan is buried deeper in the SUV than the LUV. This demonstrates that SVS-V8W folding and insertion is sensitive to both electrostatic interactions and affinity for highly curved lipid surfaces.
Lipid Phase Induced Insertion at Charged Surface-Temperature-dependent
experiments were conducted to study the dependence of the binding and insertion on the fluidity of the model membrane. One property of the vesicles is that the mobility of the individual lipid molecules changes with temperature from solid (gel) to liquid (fluid) phase.
As the temperature is raised the vesicle undergoes two transitions: a pre-transition from a gel phase to an intermediate "ripple" phase and main transition to the fluid phase. 1:1 DPPC/ DPPG has a main phase transition temperature of 41 °C [50] . Fluorescence measurements of SVS-V8W in the presence of 1:1 DPPC/DPPG were taken every 5 °C over the course of a temperature scan from 5 to 65 °C ( Figure 6 Inset). At low temperatures, the fluorescence intensity follows the typical temperature dependence due to the quantum yield of tryptophan [51] . As the melting temperature is approached there is an increase in intensity followed by a decrease. This transition was fit to an apparent two-state equilibrium model with a pre-and post-transition baseline to account for the temperature dependence of the tryptophan fluorophore on temperature:
where A 0 is the observed absorbance, A f and A u are the absorbance contributions from the folded and unfolded populations, B f and B u are the baseline contributions from the temperature dependence of the tryptophan fluorophores in the folded and unfolded populations, ΔH is the enthalpy change at the midpoint, R is the gas constant, and T m is the transition midpoint [52] . This transition fit with a T m of 35 ± 1 °C, similar to the phase transition of 1:1 DPPC/DPPG LUVs, 41 °C. An increase in intensity near the phase transition of the LUV likely indicates further insertion of the peptide into the fluid phase. The increase in intensity is accompanied by a shift in the wavelength maximum; below the phase transition the maximum wavelength is 338 nm and above the phase transition the maximum wavelength is 333 nm ( Figure 6 ). The data are normalized, because the strong temperature dependence of the tryptophan fluorophore makes it impossible to compare the relative intensity at the two temperatures. The wavelength of the maximum at high temperature in 1:1 DPPC/DPPG LUV is nearly identical to that in SUV ( Figure 6 ). The fluorescence signal is broader in the LUV than SUV as there is more scattering from the larger vesicles. The peptide buries more deeply into the fluid phase of the vesicles than the gel phase, a behavior analogous to that observed for the AMP Mastoparan X [53] . This insertion process is irreversible; once the peptide has buried into the membrane at high temperature, there is no red shift or change in intensity as the membrane returns to the lowtemperature phase (See Figure S6 , Supporting Information). Together, these results suggests a model of binding, folding and insertion that is strongly driven by electrostatic interactions, but that can also be modulated by the peptide's affinity for highly curved surfaces and properties of the lipid components such as the phase transition.
Simulation Results
Characterizing folding and peptide-lipid interactions-Early steps of
peptide-lipid interactions and peptide folding were modeled by all-atom MD simulations of the peptide in solution and in the presence of zwitterionic or anionic lipid bilayers. In a 1 µs simulation of the peptide in solution using the C36m force field, dynamic folding and unfolding are observed ( Figure 7 ) and 1-2 of the native hairpin hydrogen bonds are formed on average. These hydrogen bonds are found close to the peptide turn where the hairpin structure is strongly influenced by the D Pro-L Pro motif [5, 54] . Figure 7 shows snapshots of the different folded and extended states witnessed in solution. We note that simulations using the original C36 force field showed significant alpha-helical content in the solutionphase peptide conformation; for more discussion, please see Supplemental Information Section 4, Table S1, Figure S7 .
Simulations of SVS-1 interaction with lipid bilayers were conducted on a pure zwitterionic POPC bilayer and a 1:1 POPC/POPG mixture. By using the anionic POPG lipid with one monounsaturated tail, we mimic the PG headgroups of the saturated DPPG lipids used in our experiments, avoid complications arising from unpredictable phase behavior in the simulation model encountered using saturated lipid tails, (See Figure S8 , Supplemental Information), and eliminate the possibility of hydrogen bonding with serine POPS headgroups [59] used in earlier [5] experiments.
Simulations modeled the initial stage of contact of the unfolded peptide with the bilayer. During a 500 ns trajectory, SVS-1 makes only transient contact with the POPC bilayer via its N-terminus ( Figure 8 , upper left panel). Its folding behavior is similar to that seen in solution, switching between completely unfolded and partially folded states (Figure 8 , lower left panel). In contrast, an initially unfolded SVS-1 interacting with the anionic POPC/POPG mixed bilayer maintains close contact with the bilayer (through its N-terminus or turn region) throughout a 1.5 µs simulation (Figure 8 , upper right panel). Four pairs of H-bonding sites approach each other within the first 100 ns of contact (Figure 8 , lower right panel) and the peptide maintains a partially folded structure with 3 to 5 bonds in contact, for over 1 microsecond. The partially folded structure presents the lysine side-chains towards the charged lipid headgroups, leaving the hydrophobic valine side-chains facing the solvent ( Figure 9A ).
Simulation reveals a novel insertion mechanism we coin the "flip and dip" mechanism. After a microsecond, the D Pro-L Pro turn region dips into the bilayer interior (1075 ns, Figure 9B ) while at the same time the hairpin twists (1080-1110 ns, Figure 9C ) and brings the Val sidechains into contact with the bilayer interior (Figure 8 , upper right). As the turn buries, the N-terminus (black curve) which had stayed close to the surface pops off while the Cterminus (red curve) moves in towards the lipid tails. Finally, the N-terminus joins the turn and the C-terminus in contact with the lipid tails, while the sixth and seventh pairs of hydrogen bonding sites along the hairpin come into close contact, effectively completing the folding process (Figure 8, lower right) . A jump in the counts of valine side-chain contacts with the lipid tails to an average near 7 confirms that the peptide has made full hydrophobic contact (See Figure S9 , Supplemental Information). Once buried beneath the headgroups, the peptide retains a high degree of folding until the end of the simulation ( Figure 9D ). Interactions between most Lys sidechains and bilayer headgroups can be maintained as the sidechains rotate around from pointing inward toward the bilayer to pointing outward toward the solvent (See Movie S1, Supplemental Information). In previously reported coarsegrained simulations [56] , the valine sidechains folded under the headgroups from a similar on-top, valine-out state within about 50 ns. This mechanism is much slower within the atomistic model due to the greater constraints on backbone dihedrals.
Effects of Surface Tension on SVS-1 Insertion-To facilitate interaction of the valine sidechains with lipid tails, we perform simulations under applied surface tension.
Increasing surface tension on the bilayer increases the bilayer surface area per lipid, exposing more of the hydrophobic interior to the solvent and the adsorbed peptide. This added exposure may be present in the highly curved external leaflets of SUVs [57] , in fluid domains embedded in gel phase near T m [58] , in domain boundaries in SUV's below the bulk transition temperature [59] , or under crowded conditions in which lateral pressure among surface adsorbates leads to expansion of the underlying membrane [60] .
Simulations of modest length (250 ns) were performed under varying degrees of surface tension with either zwitterionic (POPC) or anionic (POPC/POPG) lipid bilayers and with the peptide either initiated in a folded or an unfolded state. As mentioned above, an ideal fullyfolded SVS-1 hairpin structure contains eight characteristic hydrogen bonds; we never see the eighth h-bond formed consistently. Taking into account fluctuations across the H-bond cut-off criteria, we consider averaged hydrogen bond content of 3-4 to be partially folded and five or above to be fully folded. The N-terminal arm contains 4 valines while the Cterminal arm contains 3, so structures with 2-4 valines in contact with lipid tails likely have one arm embedded in the bilayer while contact by 5 or more valines indicates that both arms are embedded.
A pre-folded peptide was introduced to a zwitterionic membrane experiencing surface tensions of 10 mN/m and 30 mN/m, whereas both an unfolded and a pre-folded peptide were placed in the presence of the anionic membrane under the same conditions. Figure 10 depicts the valine contacts and hydrogen bond formation for results. In each folded peptide trajectory, the plots show 3-4 hydrogen bonds formed at the earliest timepoint plotted because the peptide partially unfolded within the first nanosecond, in solution or during initial contact with the bilayer. Interactions of the peptide with the surfaces under 10 mN/m surface tension were qualitatively similar from those seen in the longer trajectories in the absence of surface tension, with somewhat increased levels of hydrophobic contact; the peptide unfolded and made only sporadic contact with POPC, and maintained partial folding and partial hydrophobic contact with the POPG/POPC surface over 250 ns.
Increase of the surface tension to 30 mN/m changes the interactions between the peptide and bilayer significantly. In the case of SVS-1 interacting with POPC, by 75 ns the peptide has made full hydrophobic contact with the bilayer interior, inserting via the turn by a pathway similar to that seen in the 1.5 µs tension-free POPG/POPC simulation, and remains in strong hydrophobic contact for the remainder of the trajectory. The degree of folding increases somewhat during or directly after this insertion, but the peptide then gradually loses its folded structure. The anionic surface under 30 mN/m tension promotes rapid insertion of the initially unfolded peptide, apparently preventing or slowing further folding.
We note that the peptide's behavior observed in any of these single trajectories is just a sample of multiple possible outcomes that would appear in repeated trajectories with different initial orientations, etc., but nonetheless can see some trends from the simulations in the presence and absence of applied tension. In these simulations, SVS-1 peptides do not stick to the zwitterionic POPC surface unless hydrophobic contact is made; without exposed hydrophobic surface (which we produce using applied surface tension, but whose presence might be expected for highly curved small unilamellar vesicles) desorption is rapid. At the PC/PG surface, electrostatics bind the peptide to the bilayer, so that initially unfolded SVS-1 can either begin to fold atop the bilayer surface before making full hydrophobic contact with the lipid tails (as seen in the absence of surface tension or at 10 mN/m) or, when the bilayer's hydrophobic interior is exposed under high surface stress, can rapidly engage in hydrophobic contact with the bilayer without folding.
Discussion
The new experimental data add to the known understanding of SVS-1 hairpin interactions with membranes by providing evidence for binding (under particular phase and curvature conditions) to zwitterionic bilayers and for differences in the depth of insertion under varying conditions. The simulation results offer some insight into timescales and mechanisms of folding and insertion, and possible structures of the bilayer-associated peptide.
The experimental concentration dependence data for charged DPPC/DPPG mixture suggests a range of 40-60 lipids/peptide is needed for optimum binding, suggesting an area requirement of ~15 nm 2 or a requirement for about 12 negative charges on the outer leaflet to compensate the 9 positive charges on the peptide (note that this is for large vesicles and at 20 °C, well below T m ). The most unexpected experimental observation, given previous reports of the inability of SVS-1 to bind to or fold in the presence of zwitterionic bilayer surfaces, is that the SVS-V8W folds in the presence of small DPPC vesicles (but not large ones) at temperatures below T m . The size dependence suggests that curvature plays an important role. Details of the differences between large and small vesicles, especially under temperature conditions where a flat bilayer would be in the ordered, relatively rigid gel phase, are not entirely clear. It is likely, based on electron microscopy [61, 62] and simulations of simple models [63] [64] [65] [66] [67] that the curvature needed for a closed structure is not spread evenly throughout the surface but is concentrated at disordered ridges that connect flat ordered facets. Relative to an LUV, an SUV will have a greater proportion of its surface occupied by ridge defects and is likely to have a greater localized curvature, which typically will produce a greater spacing between headgroups on the outer leaflet and more exposure of the hydrophobic tails [57] .
Simulations of SVS-1 interaction with charged and zwitterionic lipid surfaces in the fluid phase are broadly consistent with the observed experimental behavior and suggest a pathway for preliminary stages in surface binding and folding. Unfolded SVS-1 interacts only transiently and superficially with the POPC surface but binds tightly to the POPC/POPG surface. In the latter case, folding was seen to proceed gradually over 100's of nanoseconds with the peptide's cationic lysine side-chains largely facing towards the lipid head-groups and most of the hydrophobic valine side-chains facing the solvent. Full contact between the hydrophobic valine side-chains and the lipid tails was made upon a "flip and dip" transition, which coincided with a jump in the degree of folding. The "flip and dip" mechanism of the on-top folded state, a cascading rotation of the peptide backbone promoted by valine insertion, can be contrasted with the rapid insertion seen in CG simulation under tension-free conditions [56] , where the side chains can just invert due to much lower torsional barriers.
Simulations of SVS-1 showed that it can bind to a POPC surface that is significantly expanded in its area per headgroup through application of 30 mN/m surface tension, and follow a similar "flip and dip" transition marked by a (transient) jump in the degree of folding. It seems that the zwitterionic surface under tension is able to stabilize the hairpin temporarily, in the absence of the electrostatic screening provided by the anionic headgroups, by providing an environment favorable to the amphiphilic arrangement of Lys and Val side-chains in the folded state. In contrast to the hairpin state of SVS-1 and SVS-V8W bound to SUV's of DPPC evident from CD spectroscopy, the SVS-1 peptide unfolded after insertion of its valine sidechains into the POPC bilayer under tension. It may be that the binding environment of an SUV below its transition temperature, which is likely characterized by small disordered domains interspersed among ordered domains that are presumed inaccessible to the peptide, constraints of the domain size or from other adsorbed peptides might stabilize the more compact, folded state.
In addition to facilitating the binding and folding of SVS-1 at the DPPC surface, curvature appears to influence the nature of binding of SVS-V8W at the DPPC/DPPG surface. The greater shift in Trp fluorescence shows a deeper binding state for the peptide bound to SUV than to LUV, at low temperatures. Interestingly, the peptide bound to low-temperature LUV will change irreversibly to a deeper binding state upon raising the temperature above T m .
The irreversible nature of this change is evidence that a qualitatively different structure, separated by an activation barrier, is at play as opposed to a difference in degrees of submergence. The less-deep state is also characteristic of the bound state of the zwitterionic DPPC LUV. We suggest that this is a shallow, folded subsurface state, similar to what we observe in simulations with the POPC/POPG bilayer (e.g. Figure 9d ) or forming at a DPPC/ DPPG bilayer surface in a ripple phase environment in simulation (See Figure S8 , Supplemental Information). Formation of the deeper state, presumably a lytically active state that we have not seen in simulations, thus appears to require a combination of charged headgroups and a sufficiently fluid lipid environment. These requirements suggest that the headgroups may be an integral part of the deeply inserted state, perhaps as part of a toroidal structure with the headgroup charges interacting with the lysine sidechains. This would contrast with the beta-barrel structures modeled by Gupta et al. [12] in a study of the closely related MAX1 peptide, structures which do not provide for interactions between the anionic headgroups and the lysines in the peptide pore. In fact, some instability of the simulated beta-barrel structures in that study was attributed to Lys-Lys repulsions. In a toroidal structure, these repulsions would be screened by the anionic headgroups, albeit at the cost of disrupting intermolecular hydrogen bonds between peptide backbones. The relative stabilities of these different structures (or perhaps some intermediate state, with the betabarrel only disrupted at one or more locations) could be a topic for future simulation studies.
Conclusions
Using circular dichroism and fluorescence spectroscopy it is possible to monitor differences in the fold and environment of the SVS-1 hairpin or its SVS-V8W analog. Similar to previous experiments we observe that the peptide is unfolded in solution or in the presence of zwitterionic LUVs, but folds in the presence of charged LUVs. Interestingly, we observe that this process depends on curvature. In zwitterionic SUVs the peptide folds, while the peptide inserts deeper into charged SUVs than charged LUVs. Insertion is also shown to be dependent on the phase of the LUVs, with the peptide inserting further into the fluid phase vesicles.
Simulation results suggest that SVS-1 binds strongly to anionic lipids at the surface, adopting an initial configuration with its valine sidechains facing away from the bilayer surface. (SVS-1 associates only transiently with the surface of the zwitterionic POPC membrane, unless sufficient surface tension is applied to produce enhanced binding and insertion through hydrophobic exposure.) At the charged bilayer surface, SVS-1 gradually and reversibly adopts a hairpin structure over 100's of nanoseconds, with most of its valines remaining far from the hydrophobic lipid tails. A transition to a state with significant contact between the hydrophobic face of the peptide and the lipid tails was observed to involve an initial dip of the D Pro-L Pro turn accompanied by a flip of the valine side-chains beneath the lipid head-groups. We have no simulation evidence for pore-like structures, which probably require cooperative behavior of multiple peptides. We speculate, however, that the different degrees of insertion (inferred from fluorescence spectra of SVS-V8W) observed depending on temperature and lipid charge may reflect the presence or absence of toroidal pores, whose stability would be influenced by the bilayer's flexibility and ability to screen the electrostatic repulsions among embedded peptides.
Paper Highlights
•
Electrostatic and hydrophobic interactions regulate binding, folding and insertion of SVS-1.
• Charged membranes promote and stabilize folding at the surface.
• Binding and folding observed at surface of small vesicles, but not large vesicles, of zwitterionic lipids.
• Simulations show a "flip and dip" mechanism of partial insertion of the peptide into the bilayer. Model of folded SVS-1 structure created using Visual Molecular Dynamics (VMD) [29] . Peptide backbone (black) is represented as a licorice, and V D P L PT turn motif colored in orange. Peptide sidechains are presented as VDW beads -hydrophobic valines and prolines (white), basic lysine (blue) and polar threonine (green). The intermolecular backbone hydrogen bonds are drawn in red. Far-UV CD spectra of 50 μM SVS-1 mixed with 1:1 DPPC/DPPG LUV at molar ratios between 1:100 and 1:0.5 in 10 mM sodium phosphate buffer, 150 mM NaCl pH 7.4 at 20 °C. Fluorescence spectra of 60 μM SVS-V8W in 10 mM sodium phosphate buffer and 150 mM NaCl pH 7.4 (black), 2.5 mM DPPC LUV (red), and 2.5 mM DPPC SUV (blue) at 20 °C excited at 280 nm. Snapshots from the 1500 ns simulation of SVS-1 interaction with 1:1 POPC/POPG bilayer. Figure A shows partially folded structure with strong interactions of lysine sidechains with headgroups at 1040 ns. Figure B highlights the initiation of the "flip and dip" mechanism, where the turn buries beneath the headgroups (at 1075 ns). Figure C depicts endpoint of the "flip and dip" mechanism after 50 ns (1130 ns). Figure D (top-down view) represents SVS-1 with valines inserted and lysines facing upwards into solution (end of 1500 ns simulation). Red, green, and black sites as defined in Figure 8 are shown as spheres. SVS-1 sidechains are depicted as a licorice: valine(blue), lysine(green), proline(orange) and threonine(yellow). Lipids are represented as dotted in VMD drawing method. Some lipids are removed for Figures A-C for clarity of mechanism. Water and ions removed for clarity. 
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